signaling pathways, such as those of RET and EDNRB, cated that it was expressed in the splachnic mesenchyme (Leibl et al., 1999; Wu et al., 1999), which was control the behavior of ENS progenitors. However, a recent report has shown that an interaction between the further supported by a normal expression pattern of this gene in the GI tract of RET-deficient embryos (data not RET and EDNRB loci in humans and mice regulates ENS development in the distal colon (Carrasquillo et shown). Analysis of Ednrb expression in the gut of wildtype and Ret k-mutant embryos at E11.0-E11.5 showed al., 2002). Despite these studies, a series of questions remain unanswered, including the temporal and spatial that the gene was expressed in ENCCs ( Figures 1G-1L , arrows in panels H and I point to EDNRB-expressing regulation of ET-3/EDNRB signaling within the gut during enteric neurogenesis; the potential requirement of ENCCs present in the small intestine and around the ileocecal junction, respectively). In addition to ENCCs, ET-3/EDNRB and its interaction with RET for ENS development in prececal regions of the gut; the nature of the diffuse mesenchymal Ednrb-specific signal was also observed in the small intestine (jejunum) of Ret k-embryos, cellular responses controlled by RET and EDNRB; and the identity of the intracellular molecules that mediate which lack endogenous neural crest cells ( Figures 1J  and 1K ). However, no signal was observed in the distal the interaction between the two signaling pathways.
Here, we have used several approaches to examine small intestine and the cecum of these mutants ( Figure  1L ). These findings suggest that, in addition to ENCCs, the combined activity of the RET and EDNRB signaling pathways during enteric neurogenesis. More specifiEdnrb is specifically expressed by the splachnic mesenchyme of the proximal small intestine but is absent from cally, we have re-examined the pattern of expression of Et-3 and Ednrb relative to the Ret-expressing ENCCs the splachnic mesenchyme of the cecum and proximal colon (see also Wu et al., 1999) . Taken together, these and show that Et-3 is expressed with a dynamic pattern and in close association with the front of migration of studies show that during colonization of the SI, Et-3 is expressed ahead of the invading c-Ret-and Ednrbthese cells. We have also studied the effects of various combinations of Ret 51 and Et-3 ls alleles and demonstrate expressing neural crest cells. This raises the possibility that the ET-3/EDNRB signaling pathway, in addition to that a strong genetic interaction between the two loci underlies the development of the ENS throughout the its requirement for enteric ganglia formation in the distal colon, plays an important role in the development of the mouse intestine. Using wild-type and mutant embryos, we show that ET-3 specifically enhances the prolifera-ENS in prececal gut segments.
tion-promoting effect of GDNF on undifferentiated ENS progenitors but inhibits its chemoattractive role on these
Genetic Interaction between Ret D-F) . The c-Ret-specific signal tracks the migration of neural crest-derived cells along the rostrocaudal axis of the gut. At E10.0 (A), Et-3 is expressed in a relatively broad segment of midgut (m) and hindgut (h), but shortly afterwards (E10.5; B) it is restricted to the cecum (ce) and the proximal colon (co). Throughout the developmental period examined here, the front of migrating ENCCs abuts the Et-3-expressing domain of the gut. (G-L) In situ hybridization of E11.5 gut with an Ednrb-specific riboprobe. Wild-type guts were hybridized as whole-mount preparations (G), and sections corresponding to the dotted lines H (jejenum) and I (cecum and proxinal colon) are shown in (H) and (I), respectively. In the jejenum (H), Ednrb was expressed in neural crest-derived cells (strong punctate signal) and in the splachnic mesenchyme (relatively weak and diffuse signal) distributed around the endoderm (e). In the cecum region (I), expression was observed only in ENCCs. E11.5 guts from Ret k-mutants were also hybridized as whole-mount preparations with an Ednrb riboprobe (J). Sections through the jejenum and cecum/proximal colon are shown in (K) and (L), respectively. Both regions of the gut lack neural crest-derived signal, while mesenchyme-specific signal was observed only in the jejenum (K) and was absent from the cecum and colon regions. ce, cecum; co, colon; e, endoderm; h, hindgut; m, midgut; p, pancreas; s, stomach; and si, small intestine. ; Et-3 ls/ls (n ϭ 10) embryos examined, ENCCs were virtually absent from the entire intestine LI of all embryos analyzed ( Figures 2I1 and 2O1 ). However, and consistent with our findings at E12.5, the LI and were detected only within the stomach wall ( Figures  2J1, 2J2, 2L1, and 2L2 ). In the remaining less severely of Ret ϩ/51 ; Et-3 ls/ls embryos was more extensively colonized by enteric neurons relative to single Et-3 ls/ls muaffected embryos, some ENCCs were detected in the Figures 3E and 3F ). ET-3 alone had either no effect on RETϩ/TuJ1Ϫ cells or resulted in a relatively small increase in the fraction of H3pϩ cells of the RETϩ/ TuJ1ϩ cell population (Figures 3E and 3F ). GDNF and ET-3 in combination also did not change significantly the percentage of dividing neuroblasts relative to GDNFonly cultures (20.4% Ϯ 1.2% and 19.9% Ϯ 2.9%, respectively; Figure 3F ). However, in the presence of GDNF, ET-3 led to a more than 3-fold increase in the percentage of H3pϩ undifferentiated ENS progenitors (36.6% Ϯ 3.0% versus 11.7% Ϯ 1.8%; p Ͻ 0.001; Figure 3E ). This effect of ET-3 was abrogated by BQ788, a specific inhibitor of EDNRB (Wu et al., 1999), indicating a requirement for activation of this receptor (data not shown). In summary, our studies show that GDNF promotes the proliferation of undifferentiated ENCCs and enteric neuroblasts and that ET-3 functions cooperatively with GDNF to specifically enhance its proliferative effect on undifferentiated ENCCs. into the collagen matrix ( Figure 5 ; compare panels B However, in parallel cultures from ET-3-deficient emand C). However, addition of ET-3 (100 nM) led to a bryos, the corresponding fraction of H3pϩ cells was dramatic reduction in the number of ENCCs emigrating reduced to 20% Ϯ 1% (p ϭ 0.00138, Figure 4B) . Analysis from the explants in response to GDNF ( Figure 5D ). In of the total cell population showed no difference in the the absence of GDNF, ET-3 had no discernible effect percentage of dividing cells between wild-type and muon ENCC emigration from the explant (not shown). tant cultures (not shown). These data are consistent with BQ788 had no effect on GDNF-induced ENCC migration (not shown) but abrogated the inhibitory effect of ET-3 our previous findings and suggest that ET-3 is required in this assay ( Figure 5E ., 2002; McCallion et al., 2003) . We suggest that the trast, db-cAMP appeared to enhance the effect of GDNF (data not shown). These data suggest that, as is the case activity of the hypomorphic Ret 51 allele is sufficiently high to allow formation of enteric ganglia in most of the for cell proliferation, the effect of ET-3 on cell migration is likely to be mediated by changes in PKA activity. 
Inhibition of PKA Activity Mimics the Effect of ET-3 on Undifferentiated ENS Progenitors

GI tract of
Concluding Remarks
Acute cultures of dissociated SI were prepared from E11.5-E12.0
Neurogenesis along the gut is an asynchronous process.
wild-type and Et-3 ls/ls mutants as described above. These cultures were maintained in optiMEM for up to 2 hr in an atmosphere of Due to the single entry point of vagal neural crest cells 5% CO 2 .
(anterior foregut) and the extensive length of the gut, the rostrocaudal colonization of the organ by neural crest cells is gradual and completed over several days. ; ICN) , embedded in OCT, and sectioned at 12 .
